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The larval zebrafish optic tectum has emerged as a prominent model for understand-
ing how neural circuits control visually guided behaviors. Further advances in this
area will require tools to monitor and manipulate tectal neurons with cell type speci-
ficity. Here, we characterize the morphology and neurotransmitter phenotype of tec-
tal neurons labeled by an id2b:gal4 transgene. Whole-brain imaging of stable
transgenic id2b:gal4 larvae revealed labeling in a subset of neurons in optic tectum,
cerebellum, and hindbrain. Genetic mosaic labeling of single neurons within the id2b:
gal4 expression pattern enabled us to characterize three tectal neuron types with dis-
tinct morphologies and connectivities. The first is a neuron type previously identified
in the optic tectum of other teleost fish: the tectal pyramidal neuron (PyrN). PyrNs
are local interneurons that form two stratified dendritic arbors and one stratified axo-
nal arbor in the tectal neuropil. The second tectal neuron type labeled by the id2b:
gal4 transgene is a projection neuron that forms a stratified dendritic arbor in the tec-
tal neuropil and an axon that exits tectum to form a topographic projection to torus
longitudinalis (TL). A third neuron type labeled is a projection neuron with a non-
stratified dendritic arbor and a descending axonal projection to tegmentum. These
findings establish the id2b:gal4 transgenic as a useful tool for future studies aimed at
elucidating the functional role of tectum, TL, and tegmentum in visually guided
behaviors.
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1 | INTRODUCTION
The larval zebrafish tectum is a powerful model for understanding
neural control of innate visual behaviors. Laser ablation studies have
identified the tectum and specific subsets of retinal afferents to the
tectum as essential components of larval hunting behavior (Gahtan,
Tanger, & Baier, 2005; Semmelhack et al., 2014). Functional imaging
of neuronal activity in awake larvae during presentation of virtual
stimuli has led to the formulation of detailed models of how tectal cir-
cuitry generates ecologically relevant behaviors including both hunt-
ing (Bianco & Engert, 2015; Muto, Ohkura, Abe, Nakai, & Kawakami,
2013; Semmelhack et al., 2014) and escape behaviors (Barker &
Baier, 2015; Dunn et al., 2016; Temizer, Donovan, Baier, &
Semmelhack, 2015). There is also a growing body of literature utilizing
cell type-specific labeling to reveal circuits that process motion and
object size in the larval zebrafish (Del Bene et al., 2010; Gabriel,
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Trivedi, Maurer, Ryu, & Bollmann, 2012; Preuss, Trivedi, vom Berg-
Maurer, Ryu, & Bollmann, 2014). Such findings are essential contribu-
tions to our understanding of how visual brain areas process sensory
input from retinal ganglion cells (RGCs). Our previous work has dem-
onstrated RGCs are a diverse neuron class consisting of more than
50 distinct types with unique morphologies (Robles, Laurell, & Baier,
2014). Within the tectum, RGC axons form precisely stratified arbors
and different functional RGC types target distinct tectal layers (Lowe,
Nikolaou, Hunter, Thompson, & Meyer, 2013; Nikolaou et al., 2012;
Robles, Filosa, & Baier, 2013). Several tectal neuron types also form
lamina-restricted dendrites (Del Bene et al., 2010; Gabriel et al., 2012;
Robles, Smith, & Baier, 2011; Scott & Baier, 2009), which may direct
synapse formation with axons transmitting specific types of visual
information (Gabriel et al., 2012).
Optic tectum is the largest visual brain area and receives input
from the vast majority of RGCs in the larval zebrafish (>97%; Robles
et al., 2014). During development, RGC axons innervate tectum and
form terminals in one of nine retinorecipient sublayers of the tectal
neuropil (NP; Robles et al., 2014). However, the brains of teleost fish
contain several other accessory visual areas, including first-order,
directly retinorecipient subregions of thalamus, hypothalamus, and
pretectum (Fraley & Sharma, 1984; Kramer, Wu, Baier, & Kubo, 2019;
Robles et al., 2014; Springer & Mednick, 1985), as well as second-
order visual areas that do not receive direct retinal input, such as torus
longitudinalis (TL; Northmore, 1984), nucleus isthmi (NI; Henriques,
Rahman, Jackson, & Bianco, 2019; Northmore, 1991), and nucleus of
the dorsolateral tegmentum (DLT; Grover & Sharma, 1981). Notably,
all three of these areas are reciprocally connected with tectum, for-
ming feedback projections that may modulate visual responses in tec-
tum based on factors such as eye position or attentional state (King &
Schmidt, 1991; Northmore, 2017). The TL is a neural structure unique
to actinopterygians (ray-finned fishes) and is situated adjacent to the
dorsal midline of the teleost tectum (Northmore, 2017). In trout, a
tract tracing study has revealed the source of this projection from tec-
tum to TL (toropetal) to be a class of neurons with cell bodies located
in the tectal NP and dendrites targeting two retinorecipient layers of
the tectum: stratum fibrosum et griseum superficiale (SFGS) and stra-
tum griseum centrale (SGC; Folgueira, Sueiro, Rodríguez-Moldes,
Yáñez, & Anadón, 2007). These cells are most likely the Type X neu-
rons previously described in goldfish tectum (Meek & Schellart, 1978).
The feedback projection from TL to tectum is formed by axonal fibers
that terminate in the most superficial sublayer of the tectal NP, the
stratum marginale (SM). The SM contains presynaptic TL marginal
fibers and TL-recipient apical dendrites of pyramidal neurons (PyrNs;
Vanegas, Laufer, & Amat, 1974; Ito & Kishida, 1978; Folgueira et al.,
2007), which are analogous to the Type I neurons described in gold-
fish (Meek & Schellart, 1978). Sophisticated models of TL-tectum cir-
cuit function have been proposed (Meek, 1992; Northmore, 2017);
direct tests of these models in zebrafish larvae will require the ability
to monitor specific circuit elements during presentation of visual
stimuli.
Optic tectum has also been implicated in sensorimotor processing
(Barker & Baier, 2015; Bianco & Engert, 2015). Tectal influence over
motor commands in teleost fish is mediated by descending outputs to
mesencephalic and rhombencephalic premotor areas via the
tectobulbar tract (Helmbrecht, Dal Maschio, Donovan, Koutsouli, &
Baier, 2018). Ipsilaterally, two main visual output areas have been
identified: nucleus of the DLT and lateral reticular formation (FRL).
Notably, DLT is a visually responsive structure reciprocally connected
with optic tectum in goldfish (Niida & Ohono, 1984). In the larval
zebrafish, a pan-tectal transgenic gal4 line has been used to generate
single cell labeling of tectobulbar neurons that innervate the mesence-
phalic and rhombencephalic premotor areas (Helmbrecht et al., 2018).
However, the population examined in this study was comprised of
multiple subtypes, as evidenced by variable innervation patterns and
differential sensitivity to disruption of eph–ephrin signaling. Precise
genetic tools to target specific subpopulations of tectobulbar neurons
will facilitate a more complete understanding of the functional role of
descending pathways formed by projection neuron subtypes.
Here, we report the neurotransmitter phenotype and morphologi-
cal properties of neurons labeled in the tectum of id2b:gal4 transgenic
zebrafish larvae. This analysis revealed id2b:gal4 labels three tectal
neuron types with stereotyped morphologies and connectivity pat-
terns. The first is a local interneuron analogous to the Type I PyrN
previously described in other teleost fish (Meek & Schellart, 1978;
Vanegas et al., 1974). These neurons form two stratified dendritic
arbors in the tectal NP: one targeting SM and the other targeting the
deepest sublayers of SFGS. These neurons also form a stratified axo-
nal arbor that targets the SGC. The second class of tectal cells labeled
by id2b:gal4 is a projection neuron that forms a dendrite targeting
SFGS and SGC as well as a topographic axonal projection to TL. These
neurons are analogous to TL-projecting neurons previously described
in trout (Folgueira et al., 2007). The third neuron type labeled by the
id2b:gal4 transgene is a projection neuron with a nonstratified den-
dritic arbor and an axonal projection to ipsilateral tegmentum. These
findings establish the id2b:gal4 transgenic as a useful tool for future
studies aimed at elucidating the functional role of second-order visual
areas that receive input from tectum.
2 | RESULTS
2.1 | Generation of id2b:gal4 transgenic fish line
As part of a large-scale BAC transgenesis screen (Förster et al., 2017),
we generated a BAC transgenesis construct in which gal4-vp16 was
recombineered into the ATG start site for the transcription factor
id2b. The id2b gene was selected based on published in situ hybridiza-
tion data demonstrating sparse expression in the tectum (Thisse &
Thisse, 2004). As previously described (Förster et al., 2017), the
CH211-175H7 BAC clone was used as a template containing 137 kb
of genomic sequence flanking the id2b start site and recombineered
by established techniques (Bussmann & Schulte-Merker, 2011).
Twenty-eight injected embryos were raised to maturity and screened
to identify a single founder that yielded embryos with reporter
expression in the nervous system. Generation of Tg(id2b:gal4, uas:
egfp) double transgenic larvae allowed us to use EGFP as a
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fluorescence reporter for gal4 expression, which revealed clear
expression in the nervous system as early as 3 days postfertilization
(dpf) in the midbrain and hindbrain, a pattern similar to previously
published id2b in situ hybridization data (Thisse & Thisse, 2004;
Figure 1a). To determine the expression levels of id2b:gal4 throughout
early larval development, we examined Tg(id2b:gal4, uas:egfp) larvae
from 3 to 14 dpf. The earliest stage at which bright EGFP expression
could be reliably detected in the nervous system was 3 dpf. Between
3 and 6 dpf, there was a robust increase in the number of transgene
labeled cells, a time course consistent with postembryonic secondary
neurogenesis (Figure 1a,b; Boulanger-Weill & Sumbre, 2019). This
strong level of expression remained in 9 dpf larvae before dropping in
14 dpf larvae (Figure 1c,d). This suggests id2b expression may serve
an essential role in developmental processes occurring at high levels
in the brain between 3 and 9 dpf, including differentiation, neurite
extension, and synapse formation.
2.2 | Id2b:gal4 transgene labels a subset of neurons
in the larval nervous system
In order to visualize anatomical landmarks to annotate brain regions
containing cells labeled in Id2b:gal4 transgenics, we created triple
transgenic Tg(id2b:gal4, uas:egfp, HuC:lynTagRFP-t) larvae. In addition
to EGFP as a fluorescent reporter for gal4 expression, these larvae
were also labeled with pan-neuronal expression of axonally targeted
TagRFP (Förster et al., 2017). As shown in Figure 2a,b, TagRFP
expression labeled the entire nervous system by virtue of strongly
labeled axonal tracts and neuropil regions. Whole-larva confocal
image volumes acquired from 5 dpf Tg(id2b:gal4, uas:egfp) larvae rev-
ealed EGFP expression in several tissues, including brain and noto-
chord (Figure 2a,b). Labeling in notochord was highly variable
between larva (compare Figure 2a,b). Although we cannot exclude the
possibility that id2b expression defines a genetically distinct subset of
notochord cells, this could be variegated nonspecific expression of the
transgene (Bergeron et al., 2012; Goll, Anderson, Stainier, Spradling, &
Halpern, 2009). Sparse labeling was also observed in retina, hindbrain,
and cerebellum. Due to brightness and consistency of labeling,
however, it is our opinion that the id2b:gal4 transgenic will be most
useful as a tool to study the development and function of neurons in
the optic tectum. Within tectum, EGFP-positive cell bodies were
located in both the cell body layer, stratum paraventriculare (SPV),
and the tectal NP (Figure 2c,d). On average, Tg(id2b:gal4, uas:egfp) lar-
vae contained 181 ± 15.6 labeled neurons per tecta (n of 5 tecta). The
majority of these cell bodies were located in the SPV, although a sig-
nificant fraction was also found in NP (30.7 ± 1.5%, n of 10 optical
sections from five larvae). Labeled neurons typically extended unipolar
neurites radially into the tectal neuropil, although density of cell label-
ing in Tg(id2b:gal4, uas:egfp, HuC:lynTagRFP-t) larvae prevented
detailed morphological analyses of individual cell morphologies.
2.3 | Neurotransmitter analysis of neurons labeled in
the Id2b:gal4 transgenic
To determine the neurotransmitter phenotype of tectal neurons
labeled in id2b:gal4 transgenic larvae, we used a combination of neu-
rotransmitter phenotype-specific transgenics (Satou et al., 2013) and
antibody staining. Glutamatergic neurons were labeled by generating
triple transgenic Tg(id2b:gal4, uas:egfp, vglut2a:RFP) larvae in which
glutamatergic neurons are labeled by red fluorescence (Satou et al.,
2013). Confocal imaging in tectum of triple transgenic Tg(id2b:gal4,
uas:egfp, vglut2a:RFP) larvae revealed 34.1 ± 8.2% of EGFP-positive
neurons were also labeled by vglut2a:RFP (n = 244 cells from five lar-
vae; Figure 3a–c). Notably, all glutamatergic id2b-positive neurons
detected were located in SPV. To determine the percentage of
GABAergic neurons labeled by id2b:gal4, we generated triple trans-
genic Tg(id2b:gal4, uas:egfp, gad1b:RFP) larvae in which GABAergic
neurons are labeled by red fluorescence (Satou et al., 2013). In Tg
(id2b:gal4, uas:egfp, gad1b:RFP) larvae, 10 ± 2.9% of EGFP-positive
neurons were also labeled by gad1b:RFP (n = 338 cells from six larvae;
Figure 3d–f). Region-specific analysis revealed that the majority of
these GABAergic id2b-positive neurons were located in SPV (94.1 ±
3.7%) and only a small minority was located in NP. To identify cholin-
ergic neurons in Tg(id2b:gal4, uas:egfp) larvae, we performed who-
lemount antibody staining on paraformaldehyde-fixed larvae using an
F IGURE 1 id2b:gal4 transgene expression during early larval development. (a–d) Low-resolution confocal images of 3, 6, 9, and 14 dpf double
transgenic Tg(id2b:gal4, uas:egfp) larva from dorsal view. Images are of different larvae obtained from the same mating. Note strong,
developmentally regulated transgene labeling in midbrain (MB) and hindbrain (HB). Dashed line denotes MB–HB boundary. Scale bar: 100 μm in
(a–d)
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antibody that recognizes choline acetyltransferase (ChAT; Nevin,
Taylor, & Baier, 2008), an essential enzyme for acetylcholine synthe-
sis. ChAT immunofluorescence revealed a small population of tectal
neurons with strong ChAT immunoreactivity and a second subset of
neurons with weaker staining (Figure 4a–d; compare ChAT-positive
cells in Figure 4b to those in (c)). We found that 53.4 ± 6.7% of EGFP-
positive neurons were labeled by ChAT immunofluorescence, and
these belonged to the ChAT-positive group with weaker staining
(n = 228 cells from six larvae). Region-specific analysis revealed the
majority of these ChAT immunoreactive id2b-positive neurons (72.5 ±
12.4%) were located in NP (Figure 4a–d). Together these data indicate
the id2b:gal4 transgenic labels neurons with cholinergic, glutamatergic,
and GABAergic neurotransmitter phenotypes.
2.4 | Single neuron labeling and whole brain imaging
To visualize the single cell morphology of neurons labeled in the Id2b:
gal4 transgenic, we generated larvae with mosaic genetic labeling of a
membrane-targeted EGFP by injection of uas:egfp-caax plasmid DNA
into early stage Tg(id2b:gal4, HuC:lynTagRFP-t) double transgenic
embryos. The pan-neuronal TagRFP label provided anatomical land-
marks for annotating brain regions targeted by neuronal projections.
Upon identification of larvae with sparse EGFP labeling, whole-brain
confocal image volumes were acquired for three-dimensional
(3D) visualization. Utilizing this workflow, we obtained sparse genetic
mosaic labeling in 71 larvae, resulting in 122 single cell morphologies
sufficiently isolated to allow morphological classification based on the
F IGURE 2 Overview of brain
areas labeled by the id2b:gal4
transgene. (a,b) Low-resolution
confocal images of a 6 dpf triple
transgenic Tg(id2b:gal4, uas:egfp, HuC:
lynTagRFP-t) larva from dorsal view
(a) and side view (b). HuC:lynTagRFP-t
labeling clearly labels the main
divisions of the CNS. Note strong
EGFP labeling in notochord (NC),
cerebellum (CB), and optic tectum
(OT). (c,d) Higher resolution confocal
images of larvae in (a,b). Note the
presence of bright EGFP-positive cells
in the tectum and CB, as well as dimly
labeled cells in hindbrain and retina.
(e,f) Higher magnification images of
one tectal lobe of larvae in (c,d). Note
the presence of bright EGFP-positive
cells in the stratum periventriculare
(SPV) cell body layer of the tectum, as
well as in the tectal neuropil. Scale
bar: 400 μm in (a,b); 150 μm in (c,d);
and 50 μm in (e,f)
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F IGURE 3 Glutamatergic and GABAergic tectal neurons labeled in id2b:gal4 transgenic larvae. (a) Dorsal view confocal image of EGFP and
DsRed labeling in both tectal lobes from a Tg(id2b:gal4, uas:egfp, vglut2a:rfp) larva at 5 dpf. (b1) Magnified view of region indicated by box in (a).
(b2) Magnified view of region indicated by box in a showing only the DsRed fluorescence. Filled arrowheads indicate neurons with EGFP and
DsRed colocalization, open arrowheads indicate EGFP-positive neurons negative for DsRed expression. (c) Total percentage of vGlut-positive
neurons in the tectum and breakdown of proportions located in stratum periventriculare (SPV) and neuropil (NP). N of 244 cells from five larvae.
(d) Dorsal view confocal image of EGFP and DsRed labeling in both tectal lobes from a Tg(id2b:gal4, uas:egfp, gad1b:rfp) larva at 5 dpf. Outline of
tectal NP is indicated by white outline in (a,d). (e1) Magnified view of region indicated by box in (a). Filled arrowheads indicate neurons with EGFP
and DsRed colocalization, open arrowheads indicate EGFP-positive neurons negative for DsRed expression. (e2) Magnified view of region
indicated by box in a showing only DsRed fluorescence. (f) Total percentage of gad-positive neurons in the tectum and breakdown of proportions
located in SPV and NP. N of 338 cells from six larvae. Data presented as mean ± SEM. One-way analysis of variance (ANOVA) with Dunnett's
test, *p < .05, **p < .001. Scale bar: 50 μm in (a,d) and 25 μm in (b,e)
F IGURE 4 Cholinergic tectal neurons labeled in id2b:gal4 transgenic larvae. (a) Dorsal view confocal image of a single tectal lobe from a 5 dpf
Tg(id2b:gal4, uas:egfp) larva fixed and immunofluorescently stained with an anti-ChAT antibody. (b1) Magnified view of region indicated by box in
(a). (b2) Same view as (b) showing only DsRed fluorescence. Filled arrowheads indicate neurons with EGFP and ChAT immunofluorescence, open
arrowheads indicate EGFP-positive neurons negative for ChAT. (c1) Magnified view of region indicated by box in (a). (c2) Same view as
(c) showing only DsRed fluorescence. (d) Total percentage of ChAT-positive neurons in the tectum and breakdown of proportions located in
stratum periventriculare (SPV) and NP. Note high proportion of id2b/ChAT-positive neurons in the NP region of the tectum. N of 228 cells from
six larvae. Data presented as mean ± SEM. One-way analysis of variance (ANOVA) with Dunnett's test, *p < .05, **p < .001. Scale bar: 30 μm in
(a,d), and 15 μm in (b,c)
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following criteria: (a) neurite stratification pattern in the tectum and
(b) existence and location of an extratectal neurite projection. The first
neuron type we identified was a local tectal interneuron, the tectal
PyrN. A second neuron type was a tectal neuron with a neurite pro-
jection terminating in TL, the TL projection neuron (TLPN). The third
neuron type was a tectal neuron with a neurite projection targeting
tegmentum, the tegmental projection neuron (TGPN). These neuron
morphologies and the anatomical locations of targeted brain areas are
summarized in Figure 5.
2.5 | Tectal PyrNs
The neuron type most frequently observed in our single cell labeling
experiments (59.8%, 73 of 122 neurons) were tectal PyrNs. This neu-
ron type designation was based on structural similarities to a tectal
interneuron previously described in the tectum of adult teleost fish
(Folgueira et al., 2007; Ito & Kishida, 1978; Vanegas et al., 1974). PyrN
cell bodies were found throughout the anteroposterior and dorsoven-
tral extent of the tectum. The majority of PyrN cell bodies in single
cell labeling experiments were located within SGC or SAC layers of
NP (58.5%). PyrNs had a very characteristic neurite stratification pat-
tern in the NP, forming three distinct arbors (Figure 6a–d). To deter-
mine the precise sublayers targeted by the three stratified arbors of
PyrNs, we obtained triple transgenic Tg(id2b:gal4, uas:mcherry, shh:
gfp) larvae. In these larvae mCherry expression labeled id2b-positive
neurons, including PyrNs, and GFP expression in RGCs allowed identi-
fication of retinorecipient tectal sublayers. By examining the laminar
profile of PyrN dendrites relative to the shh:gfp signal (Figure 6e–g),
we were able to accurately determine the layers targeted by PyrN
arbors: SM, the deepest layers of SFGS (SFGS5/6), and SGC. As
shown by the skeletonized single neuron tracings in Figure 6h, PyrN
morphology was variable due to the compressed appearance of PyrNs
at the edge of tectum, where the NP is thinner. In all cases, however,
the three neurite arbors in SM, SFGS, and SGC were clearly evident.
2.6 | Tectal neurons with a projection to TL
A second class of tectal neuron labeled by the Id2b:gal4 transgene was
the TLPN (Figure 7a–d), which represented 23% of labeled neurons
(28 of 122). Unlike PyrNs, the majority of TLPNs had cell bodies located
within the SPV (63.2%). TLPN cell bodies were found throughout the
anterior–posterior and dorsoventral extent of the tectum. TLPN den-
drites extended radially into the tectal NP and formed local neurite
arbors within two retinorecipient sublayers: SFGS5/6 and SGC
(Figure 7e). This class of neurons also formed a long neurite that
extended medially in NP and exited tectum dorsally to innervate ipsilat-
eral TL. A subset of these projections also crossed the midline at the
anterior pole of TL before extending back in a posterior direction within
contralateral TL (see purple tracing in Figure 7f,g). RGC axons form a
topographically ordered projection that transfers a map of visual space
F IGURE 5 Summary of morphologies and
extratectal projections formed by id2b-positive
tectal neurons. (a1) Schematic dorsal view of
larval zebrafish brain, with brain regions
examined in this study color coded.
(a2) Morphologies of PyrNs and TLPNs viewed
from dorsal view. (b1) Side view of larval
zebrafish brain, with color coding as in (a1).
(b2) Side view of midbrain showing the
projection pattern of TLPNs. (b3) Side view of
midbrain/hindbrain boundary showing the
projection pattern of TGPNs. Dashed lines
indicate projection areas that were not observed
in every neuron of a given type
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to the tectum. Electrophysiological recordings from units in goldfish
TL during visual stimulus presentation have demonstrated TL also
contains a map of visual space (Northmore, 1984). To determine if
the projections formed by TLPNs transfer a map of visual space to
TL, we examined the relationship between TLPN cell body position
in tectum and the length of TL innervated by its neurite projection
(Figure 8a,b). This analysis revealed that TLPNs located in posterior
SPV typically entered posterior TL and terminated within the
anterior TL, traversing most of its A-P extent. In contrast, TLPNs
located in anterior SPV typically entered the TL at its anterior pole.
In addition, TLPNs that innervated the contralateral TL had cell bod-
ies restricted to the posterior SPV (>43% of SPV; open squares in
Figure 8b), the region of tectum which receives inputs from nasal
retina. Within the tectum, the A-P axis corresponds to the nasal-
temporal axis of the visual field; therefore, these findings confirm
that TLPNs transfer a horizontal map of visual space to TL.
F IGURE 6 Pyramidal neurons (PyrNs)
labeled by the id2b:gal4 transgene form neurite
arbors in three distinct tectal neuropil
(NP) layers. (a) Dorsal view, whole-brain
confocal image volume of a 6 dpf double
transgenic id2b:gal4/HuC:lynTagRFP-t larva
injected at the embryo stage with a uas:egfp-
caax plasmid to generate sparse genetic
labeling. Note single EGFP-labeled neuron in
the right tectum. (b,c) Side view and frontal
views of volume in (a), regions used for rotation
indicated by green and blue brackets in (a),
respectively. Note location of cell body within
the tectal NP and extension of an apical
dendrite to the surface of the tectal
NP. (d) High magnification view of neuron in (a–
c). (e,f) Dorsal and side views of a triple
transgenic id2b:gal4/uas:mcherry/shh:gfp larva.
Note the distinct layering of shh:gfp + retinal
axons in the tectal NP. Single mCherry labeled
neuron forms neurite arborizations in three
distinct NP layers. (g) Fluorescence intensity
profile measurement along line indicated by
arrowheads in (f). Note that the PyrN forms
neurite arbors in two retinorecipient layers,
SFGS5/6 and SGC, as well as in a
nonretinorecipient layer, the
SM. (h) Skeletonized tracings of five PyrNs.
Light shading indicates tectal sublayers
indicated at left. Note morphological variability
and the asymmetric morphology of PyrNs
located at the edges of the tectal NP. Scale bar:
100 μm in (a–c), 30 μm in (d), and 40 μm in (e,f)
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2.7 | Tectal neurons with ipsilateral descending
projections to tegmentum
A third neuron labeled by the Id2b:gal4 transgene was the TGPN,
which represented 17.2% of labeled cells (21 of 122 single neuron
reconstructions). In contrast to PyrNs and TLPNs, all TGPNs examined
by single cell labeling had cell bodies located in the SPV. These neu-
rons formed bushy, nonstratified dendrites restricted to the deep SGC
and SAC layers of the tectal neuropil, similar to those we have previ-
ously described for dlx5/6-positive tectal projection neurons
(Figure 9a–d; Robles et al., 2011). A feature we commonly observed
in TGPNs was a discrete “shepherd's crook,” where the primary den-
drite formed an apically oriented loop that gave rise to the des-
cending, extratectal neurite process (Lischka, Ladel, Luksch, & Weigel,
2018; arrows in Figure 9b,d). This long neurite extended laterally in
the tectal NP to exit tectum ventrally, via the tectobulbar tract (Sato,
F IGURE 7 A population of id2b:gal4
positive tectal neurons forms a topographic
projection to torus longitudinalis. (a) Dorsal
view, whole-brain confocal image volume of a
6 dpf double transgenic id2b:gal4/HuC:
lynTagRFP-t larva injected at the embryo stage
with a uas:egfp-caax plasmid to generate sparse
genetic labeling. Note single EGFP-labeled
neuron in the left tectum. (b,c) Side view and
frontal views of volume in (a), regions used for
rotation indicated by green and blue brackets in
(a). Note location of cell body within the tectal
neuropil (NP) and extension of a neurite
process that extends medially in the tectal NP
before exiting the tectum dorsally to enter the
TL. (d) High magnification view of neuronal cell
body in (a–c). (e) Skeletonized tracings of
proximal/tectal neurite arbor formed by TLPNs
in the NP. Despite morphological variability, all
TLPNs form arbors mostly restricted to the
SGC and deep SFGS layers, both of which are
retinorecipient layers. (f) Skeletonized tracings
of TLPNs in (e) overlayed on a grayscale image
of HuC:lynTagRFP-t brain containing left tectum
and the TL. Note that posterior positioned
TLPNs innervate the TL posteriorly, whereas
anteriorly positioned TLPNs enter the TL at its
anterior pole. (g) Skeletonized tracings in (f).
Relative anteroposterior position was
preserved. Scale bar: 100 μm in (a–c); 30 μm in
(d); and 50 μm in (f)
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Hamaoka, Aizawa, Hosoya, & Okamoto, 2007). Preliminary examina-
tion revealed variability in the posterior extent of the neurite projec-
tions, ranging from tegmental regions (ventral to tectum) to hindbrain.
The most consistent feature of the extratectal neurite was branching
in the tegmentum (Figure 9e,f and Figure 5), although a third of the
projections also extended to hindbrain. To determine if this des-
cending projection to the hindbrain formed by the id2b-gal4-positive
TGPNs exhibits topographic order, we examined the relationship
between TGPN cell body position within tectum and A-P position of
the neurite termination site (Figure 10a,b). This analysis revealed only
a weak topographic relationship between cell body position and neu-
rite termination, where TGPNs with cell bodies positioned in the pos-
terior SPV were slightly more likely to form projections that terminate
anteriorly within tegmentum (blue and orange traces in Figure 9e,f).
2.8 | Live imaging of Syp-EGFP identifies the
synaptic output patterns of PyrNs and TLPNs
Although mosaic genetic labeling with egfp-caax revealed the fine
morphology of neurons labeled in the id2b:gal4 transgenic, this analy-
sis did not permit identification of the axonal process and the pattern
of synaptic output generated by each neuron type. To determine this
for PyrNs and TLPNs, we generated Tg(id2b:gal4, uas:synaptophysin-
egfp) double transgenic larvae. Expression of the synaptophysin-EGFP
(Syp-EGFP) fusion protein has previously been used to localize the
distribution of presynaptic terminals within individual neurons in the
larval zebrafish (Meyer & Smith, 2006; Robles et al., 2014). In the case
of PyrNs, which form multiple arbors within the highly stratified tectal
NP, mapping the location of their presynaptic terminals would provide
insights to potential postsynaptic neurons.
Larvae with sparse expression of Syp-EGFP in single PyrNs rev-
ealed that only the most basal, SGC-targeting arbor contained bright
Syp-EGFP positive boutons (Figure 11a,b). This also suggests PyrN
arbors situated in SM and SFGS layers of the tectum are purely den-
dritic, although we cannot exclude the possibility that the SGC-
targeting arbor may also receive synaptic input. Based on previous
studies it is most likely that the SM dendrite receives input from TL
(Folgueira et al., 2007), while the SFGS dendrite most likely receives
direct input from RGC axons. This finding also indicates tectal neurons
postsynaptic to PyrNs contain dendrites spanning SGC, which
includes the majority of tectal neurons with projections to preoptic
regions of diencephalon, pretectum, and tegmentum (Helmbrecht
et al., 2018).
Based on their morphology, TLPNs exhibit a coarse topographic
projection to TL.TLPNs with different anteroposterior positions in tec-
tum form largely overlapping axonal territories in TL, in contrast to
the point-to-point topography with partial overlap formed by RGC
arbors in the tectum (Robles et al., 2013). Individual TLPNs labeled
with Syp-EGFP expression contained bright Syp-EGFP positive
boutons localized to the neurite projection in TL (Figure 11c,d), con-
firming this as the axon. Conversely, the neurite arbors formed by
TLPNs in the retinorecipient deep SFGS5/6 and SGC layers were
devoid of Syp-EGFP puncta and therefore are dendritic processes that
likely receive input directly from RGC axons. Notably, within the TL
axonal process, bright Syp-EGFP positive boutons were distributed
along the entire length of the TL, confirming the coarse, overlapping
topography suggested by our single cell data. However, TLPNs
located in posterolateral tectum would have the potential to innervate
posteriorly situated TL neurons unlikely to receive input from TLPNs
located in anterior tectum. Furthermore, we cannot exclude the possi-
bility that specific connections formed between TLPNs and postsyn-
aptic target neurons in TL ultimately result in a precise visual
map in TL.
3 | DISCUSSION
This study provides a cellular resolution characterization of neurons
in the larval zebrafish tectum labeled by an id2b:gal4 transgene.
Although variability in faithful recapitulation of endogenous gene
expression patterns by BAC transgenics has been reported (Förster
et al., 2017), both the id2b:gal4 transgene and in situ hybridization
probes (Thisse & Thisse, 2004) label restricted populations of neu-
rons in the larval brain and retina. Strong reporter expression was
first reliably evident at 3 dpf and persisted to 14 dpf, the develop-
mental window during which larvae begin to perform several visually
guided behaviors (Portugues & Engert, 2009). The Inhibitor of differ-
entiation (Id) family of proteins has been previously implicated dur-
ing developmental processes and in several types of cancer
(Lasorella, Benezra, & Iavarone, 2014). The zebrafish genome con-
tains two paralogs of id2, id2a, and id2b (Uribe & Gross, 2010). In
contrast to id2b, id2a is broadly expressed throughout the develop-
ing nervous system (Thisse & Thisse, 2004). In zebrafish embryos
F IGURE 8 Topographic order in the tectotoral projection formed
by id2b:gal4 positive tectal neurons. (a) Overview of measurements
used to assess topographic order in the tectotoral projection.
(b) Relationship between stratum periventriculare (SPV) cell body
position and neurite length in TL. Note direct relationship between
TLPN cell body position in the tectum and the length of TL
innervated. Open squares indicate six TLPNs with a contralaterally
projecting neurite. N of 20 TLPNs from 20 larvae that could be traced
in their entirety
DEMARCO ET AL. 1181
id2a, but not id2b, plays a role in regulating cell proliferation and dif-
ferentiation during retinogenesis (Uribe & Gross, 2010). Although
id2 in mammals has been implicated in the regulation of neurite
growth in mammalian neurons (Ko et al., 2016; Lasorella et al., 2006)
more study is needed to determine if id2b is essential for the specifi-
cation or differentiation of id2b-positive neurons in the zebrafish
tectum.
In the larval zebrafish tectum, the vast majority of neurons are
either glutamatergic or GABAergic (Higashijima, Mandel, & Fetcho,
2004). The larval tectum has also been shown to contain a small num-
ber of cholinergic neurons (Arenzana et al., 2005), although this previ-
ous study may have lacked the sensitivity to detect neurons with
weaker ChAT immunoreactivity. Our findings demonstrate more than
half of the tectal neurons labeled by the id2b transgene are
F IGURE 9 A population of id2b:gal4 positive
tectal neurons form a descending projection to
tegmentum. (a) Dorsal view, whole-brain confocal
image volume of a 6 dpf double transgenic id2b:
gal4/HuC:lynTagRFP-t larva injected at the embryo
stage with a uas:egfp-caax plasmid to generate
sparse genetic labeling. Note single EGFP-labeled
neuron in the left tectum. (b,c) Side view and frontal
views of volume in (a), regions used for rotation
indicated by green and blue brackets in (a). Note
location of cell body within the tectal neuropil
(NP) and extension of a neurite process that
extends laterally in the tectal NP before joining the
tectobulbar tract and exiting the tectum ventrally.
Arrow in (b) indicates looped neurite segment that
gives rise to the extratectal process. Tegmentum
(TG) is outlined in (b). (d) High magnification view
of neuronal cell body in (a–c). Arrow indicates
looped neurite segment that gives rise to the
extratectal process. (e) Skeletonized tracings of
TGPNs overlayed on a grayscale image from a HuC:
lynTagRFP-t labeled brain at a Z-position in the TG
and hindbrain (HB), ventral to the tectum. (f)
Skeletonized tracings in (f). Relative anteroposterior
position was preserved. Scale bar: 100 μm in (a–c);
30 μm in (d); and 50 μm in (e,f)
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cholinergic, with a significant proportion of these located in the neu-
ropil of the tectum. Approximately one-third of id2b-positive neurons
were glutamatergic and only a small fraction of tectal neurons labeled
by the id2b-gal4 transgene were GABAergic. Although further experi-
ments will be needed to conclusively correlate each neuron type with
its corresponding NT phenotype, we can make putative assignments
based on the relative proportions of cholinergic, glutamatergic, and
GABAergic cells within the population of id2b-positive tectal neurons.
These putative assignments are discussed in the following sections for
each neuron type.
We have employed the id2b:gal4 transgenic to characterize three
neuron types in the larval zebrafish tectum based on their morphol-
ogy, connectivity, and putative neurotransmitter phenotype. The first
is the PyrN, a population of local interneurons that forms two strati-
fied dendritic arbors in the tectal neuropil: one targeting SM and the
other targeting deep (5/6) sublayers of the SFGS. Live imaging of Syp-
EGFP confirmed a deeper arbor formed by PyrNs in SGC is axonal.
Together these features indicate homology to neurons described in
other teleost species as either PyrNs (Folgueira et al., 2007; Ito &
Kishida, 1978; Vanegas et al., 1974) or Type I neurons (Meek &
Schellart, 1978). Based on the correspondence between PyrN
incidence in our single cell labeling study (59.8%) and the percentage
of ChAT-positive neurons in id2b:gal4 tecta (53.4%), PyrNs are most
likely cholinergic. In support of this, a large fraction of morphologically
identified PyrNs and ChAT-positive neurons had cell bodies located in
the NP region of tectum.
TLPNs are a second neuron type labeled by the id2b:gal4 trans-
gene. These neurons form dendrites targeting deep SFGS and SGC
sublayers and a Syp-EGFP-positive axon that projects to TL. Genetic
mosaic labeling of TLPNs also confirmed a topographic connection
between tectum and TL previously suggested by visual response
properties of neurons in TL (Northmore, 1984). This connectivity fea-
ture makes them homologous to neurons previously identified in ret-
rograde labeling experiments in trout after dye injections in TL
(Folgueira et al., 2007). Based on their dendritic morphology, these
cells likely correspond to Type X neurons previously identified in the
goldfish tectum (Meek & Schellart, 1978). As the second-most numer-
ous cell type labeled in the id2b:gal4 transgenic, these neurons are
likely to represent the excitatory, glutamatergic neurons identified by
our neurotransmitter analysis. However, we cannot exclude the possi-
bility that a subset of TLPNs, particularly those with cell bodies
located in the tectal NP, could also be GABAergic.
The third neuron type labeled by the id2b:gal4 transgene is the
TGPN that forms a descending projection that innervates tegmentum.
Notably, the axon often originated from the dendritic shaft of these
neurons and often extended apically prior to reversing course, forming
an arciform “shepherd's crook.” This unique structure suggests homol-
ogy with the Type XIII cells described by Meek and Schellart (1978) in
adult goldfish. As TGPNs were the rarest neuron type observed by
single cell labeling, this type likely represents the small fraction of
GABAergic neurons labeled by the id2b:gal4 transgene.
It is interesting to note that two of these neuron types are compo-
nents of a reciprocal circuit between optic tectum and TL. The apical
dendrite of PyrNs targets the SM sublayer of the tectum, which
receives marginal fiber input from TL (Northmore, 2017), whereas the
dendrite targeting deep SFGS most likely receives direct RGC input.
Their connectivity suggests a role for PyrNs in synthesizing visual
information transmitted by RGC axons and TL-derived information.
TL contains both visually responsive neurons as well as units whose
activity is correlated with saccadic eye movements (Northmore,
1984). TL has also been implicated in the dorsal light reflex, an innate
behavior where fish tilt their body axis to orient their dorsal aspect
towards a light source (Gibbs & Northmore, 1996). Based on the ten-
dency for this tilt to equalize the amount of light hitting both eyes and
the response of TL neurons to changes in luminance, (Gibbs &
Northmore, 1996) proposed a role for this torotectal circuit in the
processing of interocular luminance differences. However, it is
unknown whether this calculation is performed by neurons in the TL
or tectum. Similarly, the type of visual information TLPNs transmit to
the TL is not known, although one possibility is this pathway transmits
luminance information that confers TL neurons with responses to
negative contrast steps (Northmore, 1984). The id2b:gal4 transgenic,
in conjunction with UAS reporter lines that drive expression of geneti-
cally encoded calcium sensors (Nikolaou et al., 2012; Robles et al.,
F IGURE 10 Weak topographic order in the descending
projection formed by id2b:gal4 positive tectal neurons. (a) Overview
of measurements used to assess topographic order in the tectotoral
projection. (b) Relationship between stratum periventriculare (SPV)
cell body position and neurite length in tegmentum/hindbrain. Note
weak inverse relationship between TGPN cell body position in the
tectum and termination distance. N of 21 TGPNs from 21 larvae
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2014), will allow these questions to be directly addressed by monitor-
ing visual responses of TLPNs during presentation of visual stimuli.
We can only speculate on a potential functional role for TGPNs
labeled by the id2b:gal4 transgenic. This is in part due to the large
diversity of tectobulbar projection neurons in tectum, as well as their
proposed role in diverse aspects of visual behavior. These include
reflexive behaviors evoked by whole-field motion such as the
optomotor and optokinetic response (Orger, 2016). However, data
from several vertebrate species has implicated tectobulbar projections
to the NI as one component of a midbrain circuit controlling spatial
attention (Knudsen, 2011). Within this circuit model, tectal projections
to NI activate cholinergic neurons, forming a topographic feedback
projection to tectum that enhances visual responses. In the bird visual
system, tectal projections to NI are formed by shepherd's crook neu-
rons (Wang, Luksch, Brecha, & Karten, 2006), which have an axon that
forms an arciform loop prior to exiting the tectum. It is unclear if the
shepherd's crook structure has any functional role or whether this fea-
ture is conserved in other species where NI controls visual attention.
TGPNs labeled in the id2b:gal4 transgenic could potentially serve an
analogous function in the larval zebrafish visual system. However, it
should be noted that tegmental nuclei in the larval zebrafish brain are
not distinct brain areas and can only be tentatively correlated to adult
brain structures (Volkmann, Chen, Harris, Wullimann, & Köster, 2010).
We propose DLT and FRL as potential targets based on evidence that
these brain regions receive visual inputs from the ipsilateral
tectobulbar tract in adult teleost fish (Grover & Sharma, 1981). In the
carp, DLT has been shown to form an extensive feedback projection
to ipsilateral tectum (Niida & Ohono, 1984), similar to that from
NI. The possibility that TGPN projections to NI and/or DLT form com-
ponents of an attentional circuit in the larval fish could be tested in
the future using the id2b:gal4 transgenic to target these cells for func-
tional imaging and optogenetic manipulation.
The id2b:gal4 transgenic will also be a useful tool to study circuit
formation as it labels neurons during early brain development, when
tectal neurons begin to make synaptic contacts. For example, PyrNs
transmit information to tectal neurons with their dendrites located in
SGC layer of the tectal neuropil. TGPNs and TLPNs form dendrites
that either span or stratify in the SGC layer, making them putative
recipients of synaptic input from PyrN axons. This possibility could
reflect a role for id2b in genetic control of molecular cues involved in
synapse formation between genetically related presynaptic and post-
synaptic neurons. Such a role has been demonstrated for cadherin
family adhesion molecules in the mammalian nervous system, where
Cadherin-6 is a marker for subsets of RGCs and retinorecipient neu-
rons in thalamus that form a nonimage forming visual circuit
(Osterhout et al., 2011). In this circuit, Cadherin-6 expression is also
required for normal synapse formation. The ability to perturb cell sig-
naling simultaneously in putative presynaptic and postsynaptic circuit
elements via cell type-specific gene disruption using CRISPR/Cas9
technology (Ablain, Durand, Yang, Zhou, & Zon, 2015; Di Donato
et al., 2016) opens the door to revealing mechanisms that control wir-
ing specificity in tectal circuits. Together, these findings establish the
F IGURE 11 Localization of presynaptic
specializations in id2b:gal4+ neurons.
(a) Maximum projection of Syp-EGFP
expression in an isolated PyrN. All images are
coded with colormap shown in (c), such that
relatively brighter regions are displayed in
cyan, whereas dim regions are displayed in
red. (b). Rotated view of image volume in (a).
Note that bright Syp-EGFP puncta are
restricted to the neurite arbor located in the
SGC layer. (c) Maximum projection (dorsal
view) of Syp-EGFP expression in an isolated
TLPN. (d) Rotated side view of image volume
in (c) Note that bright Syp-EGFP puncta are
restricted to the neurite arbor located in the
TL. Scale bar: 15 μm in (a,b) and (f,g) and
30 μm in (c–e)
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Tg(id2b:gal4) transgenic line as a useful tool for future studies aimed
at elucidating the development and function of circuits formed by TL,
tegmentum, and optic tectum.
4 | METHODS
4.1 | Transgenic fish
Zebrafish adults and larvae were maintained at 28C on a 14/10 hr
light/dark cycle.
Tg(id2b:Gal4-VP16)mpn215, Tg(HuC:lynTagRFP-t)mpn404, Tg
(14xUAS-mCherry), Tg(14xUAS:UAS:syp-GFP), and Tg(shh:GFP) trans-
genic lines have been previously described (Förster et al., 2017; Heap,
Goh, Kassahn, & Scott, 2013; Nikolaou et al., 2012; Xiao et al., 2011).
All larvae used were double mutants for mitfa−/− (nacre) and roy−/−.
All animal procedures conformed to the institutional guidelines of the
Max Planck Society (Regierung von Oberbayern) and the Purdue Uni-
versity Institutional Animal Care and Use Committee.
4.2 | Immunohistochemistry
ChAT antibody staining was performed as previously described
(Förster et al., 2017). Briefly, anesthetized larvae were fixed overnight
in a solution of 4% paraformaldehyde/4% sucrose in PBS. For antigen
retrieval, fish were heated to 63C for 15 min in 150 mM Tris–HCl.
Following antigen retrieval larvae were incubated in blocking solution
(5% donkey serum in PBS with 0.1% Triton-X and 1% DMSO) for
1–2 hr prior to primary antibody incubation for 1–2 days in blocking
solution. Primary antibodies used: goat anti-ChAT (Millipore Cat
#AB144P, RRID:AB_2079751) and chicken anti-GFP (GeneTex Cat#
13970, RRID:AB_371416). Secondary antibody incubation was over-
night in blocking solution. Secondary antibodies used: Donkey anti-
chicken AlexaFluor 488 (Jackson Immunoresearch Cat# 703-001-003,
RRID:AB_2340345) and Donkey anti-goat AlexaFluor 555 (Invitrogen
Cat# A-21432, RRID:AB_141788).
4.3 | Statistical analysis
Data sets were analyzed using GraphPad Prism software version
801 (GraphPad Software, Inc., La Jolla, CA). Raw data were assessed
for normality using the D'Agostino-Pearson omnibus test included in
GraphPad. All data displayed a normal distribution (p ≥ .05). One-way
analysis of variance (ANOVA) was used to identify differences among
means for data sets with three or more groups. p-Values less than .05
were considered significant. Dunnett's adjusted p-values are displayed
in the figures and Section 2. Graphs in Figures 3 and 4 show mean ±
SEM for each group. For anatomical data, one-way ANOVA was used
to identify differences among means for data sets with three or more
groups and Tukey's post hoc test was used for comparisons across
groups.
4.4 | Embryo injections
Genetic mosaic labeling of single neurons by expression of a mem-
brane targeted EGFP was achieved by injection of the 4xnrUAS:
EGFP-caax plasmid (a gift from B. Appel and J. Hines, University of
Colorado, Denver, CO), along with RNA encoding Tol2 transposase
into Tg(id2b:Gal4-VP16)/Tg(HuC:lynTagRFP-t) double transgenic
embryos. DNA construct was pressure-injected at a concentration of
25–50 ng/L into one- to eight-cell-stage embryos.
4.5 | Image acquisition
For live confocal imaging between 3 and 14 dpf larvae were anesthe-
tized in 0.016% tricaine and embedded in 2% low-melting-point aga-
rose. Imaging was performed on a Nikon C2 confocal microscope
equipped with solid-state lasers for excitation of EGFP (488 nm) and
mCherry/TagRFP (555 nm). Whole-larvae imaging was performed
using a Nikon Plan Fluor 4× 0.1 NA air objective using 5 μm z-steps.
Whole-brain imaging of live larvae and immunofluorescently stained
larvae was performed using a Nikon LWD 16× 0.8 NA water immer-
sion objective using 1–1.5 μm z-steps. For Syp-EGFP imaging, single
neurons were imaged using a Nikon 60× 1.0 NA water immersion
objective. Optical sections were acquired using 0.6–1 μm z-steps.
4.6 | Image processing and analysis
Image stacks were visualized and analyzed using ImageJ FIJI software
(http://fiji.sc/Fiji). 3D rendering and volume clipping was performed
using the 3D Viewer FIJI plugin (Schmid, Schindelin, Cardona, Longair, &
Heisenberg, 2010). In cases where a single brain contained multiple, spa-
tially distinct/nonoverlapping EGFP-labeled neurons, the 3D clipping
tool in the 3D Viewer FIJI plugin was used to remove all but one neuron
in the EGFP channel, yielding whole brain/single neuron views pres-
ented in Figures 6, 7, and 9. Skeletonized tracings were generated using
the semiautomated neurite segmentation plugin Simple Neurite Tracer
in FIJI (Longair, Baker, & Armstrong, 2011). For measurements of tectal
laminar position, orthogonal cross sections were used to generate fluo-
rescence intensity line scans. Measurements in Figures 8 and 10 were
performed by overlaying neurite tracings over maximum intensity pro-
jection of lynTagRFP channel. All data are presented as mean ± SEM.
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